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Introduction

Abstract

Scanning tunneling microscopy (STM) has been
used to image 12- and 24-base pair (hp) synthetic oligonucleotide duplexes alone or with intercalatively-bound
metal complexes with submolecular resolution. The
sizes of the 12- and 24-bp oligonucleotides determined
from STM images are close to expected values, and images of isolated duplexes resolve the two nucleotide
strands of these molecules. The variation of duplex size
in our images demonstrates that these features are not
due to surface artifacts. In addition, images of the 12bp duplex in the presence of bis(9, 10-phenanthrenequinone diimine)(2, 2' -bipyridyl) rhodium(III) exhibit a new
structural feature at 14 ± 2 A from the duplex ends.
This new feature corresponds well to the metal binding
site determined from DNA cleavage and molecular modeling studies. These results indicate that STM can be
used to image directly transition metal complexes bound
to DNA, and thus suggest that metal complexes bound
specifically to biological molecules could serve as labels
in STM structural studies.

Considerable effort has recently been directed
towards using scanning tunneling microscopy (STM) to
characterize the structures of biological macromolecules
(1-5, 7-18 , 22-26) since this technique can in principle
provide atomic resolution structural data under close to
physiological conditions. Reported STM investigations
of nucleic acids have indeed shown great promise (1-3,
5, 7-9, 13-18, 24), although it is apparent that this technique is not yet capable of providing reproducible and
unambiguous visualization of the structures of biological
macromolecules . Indeed, a recent STM study of graphite, which has been a common substrate for biological
investigations , has shown that features similar to DNA
can be detected on clean, freshly cleaved surfaces (6).
To explore further the limits of STM as a technique
for characterizing the structures of biopolymers and
macromolecular assemblies , we have taken an approach
which involves the study of a series of synthetic oligonucleotide duplexes that have different (but highly spe- .
cific) lengths and that have transition metal complexes
bound by intercalation at selected positions . There are
two key advantages of this new approach. First, the
sizes of the synthetic duplexes , which vary from 12 to
24 base pairs in this study, are well-defined and can be
systematically altered. The variation of image features
with duplex size provides a clear method for distinguish ing the duplexes from other surface features. Lindsey
and coworkers (16, 17) have also investigated DNA
fragments in their studies of sonicated calf thymus DNA,
although herein we use much shorter DNA fragments
(i.e ., 10-24 versus 146 base pairs) that are synthesized
to a specific length. The short duplex size also enables
us to image the entire molecular species at high resolution. Secondly, and perhaps of greater importance, the
electronically distinct metal probes bound to the nucleotides can be varied and used to mark specific sites on the
duplexes .
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All of the oligonucleotides utilized m this study
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were synthesized on a Pharmacia Gene Assembler using
b-cyanoethyl phosphoramidites and were purified by
high-pressure liquid chromatography. The stock solutions of purified 12- and 24-bp duplexes were 42, and
55 µM, respectively, and were buffered at pH 7.2 with
25 mM sodium cacodylate . The duplex-metal complex
solutions contained equimolar (based on duplex) rhodium
metal complex . The preparation of the rhodium metal
complexes used in this study has been described previously (19-21). Aliquots of the stock solutions were
diluted to between 0.1 and 1 µM prior to their deposition onto the graphite surface substrate.
Samples were prepared for imaging by placing a 1-2
µl drop of duplex or duplex-metal solution onto a
cleaved surface of highly oriented pyrolytic graphite
(A.W. Moore, Union Carbide, Parma, OH). The solution was allowed to stand on the surface for approximately 10 minutes, after which time the remaining aqueous solution was removed. This procedure promoted the
adsorption of the duplexes without excess buffer salt .
The buffer salts remain in solution and are removed
when the aqueous solution is removed from the surface .
Hence, the concentration of salt on the surface is believed to be very low. The low concentration of surface
salt was verified by STM images of graphite surfaces
prepared as above but without the duplex in solution .
After removal of the excess aqueous solution, the surface was immediately covered with oil to prevent dehydration of the duplexes as described elsewhere (3) .
Solutions that were allowed to dry on the graphite
yielded non-reproducible results .
All of the STM images were recorded with a commercial instrument (Nanoscope, Digital Instruments,
Inc., Santa Barbara, CA) operated in the constant current mode using platinum-iridium alloy (80 %-20 %) tips.
The tips were mechanically sharpened prior to imaging.
The images were acquired with bias voltages from -300
to -100 and + 60 to + 500 mV; over this range of bias
voltages the images were similar. Unless otherwise
stated the images presented in this paper correspond to
raw, unfiltered data.

preferentially to sites opened toward the major groove
such as the differentially propeller twisted sites 5' CCAG-3' (20, 21).
Images of the 12-bp duplex and 12 hp-metal complex are shown in Figure 1, and are typical of the results
obtained for concentrations of duplex less than 1 mM.
The isolated duplexes in these images order along linear
defects on the graphite surface (possibly step edges) with
the helix axis oriented at an angle relative to the direction of the defect. Isolated duplexes can be found by locating a graphite step edge and then translating along
this surface defect until oligonucleotides are observed.
It is important to recognize, however, that for the low
oligonucleotide concentrations used in our work it is
time consuming to find the isolated oligonucleotides on
the surface. At higher solution concentrations this situation is not improved since the duplexes form close
packed arrays and aggregates that cannot be imaged with
high resolution (Kim, Long, Barton and Lieber, submitted). Images of blank solutions containing the cacodylate buffer or the buffer and metal complex deposited on
graphite surfaces did not show the features assigned to
the 12 bp duplex when studied for comparable lengths of
time. In addition, imaging studies of calf-thymus DNA
carried out over a eight month period using conditions
similar to those employed for these duplex studies did
not show features that we attribute to the duplexes (Kelty
and Lieber, unpublished results) . These control experiments strongly suggest that the features that we attribute
to duplexes in our images are not due to artifacts of the
graphite surface .
Although the isolated duplexes are difficult to locate
on the surface, they can be reproducibly imaged with
submolecular resolution. The image of the 12-bp duplexes (Fig . lA) clearly shows the two nucleotide
strands and the atomic structure of the graphite substrate. The graphite lattice spacing determined from this
image, 0.25 ± 0.01 nm, agrees with the expected value
of 0.246 nm. Notably, this image corresponds to raw
data and has not been filtered. The average length and
width of the metal-free duplexes ( ± 1 standard deviation) determined from several images, 3.8 ± 0.2 nm
and 2.2 ± 0.1 nm, respectively, are in good agreement
with the dimensions expected for a B-conformation 12bp oligonucleotide fragment (length = 4.06 nm; width
= 2.3 nm). The vertical corrugation of the duplexes,
1.0-1.5 nm, is also consistent with that expected for
DNA adsorbed on a surface, and is substantially lower
than that observed for electronic defects on a graphite
surface. In addition, we find structure with a spacing of
0.32 nm that could correspond to the base pairs (0.34
nm separation) or the phosphate backbone. This near
atomic resolution structure is not always observed, and
thus we cannot confidently assign it at the present time.

Results and Discussion
The
self-complementary
oligonucleotide
d(CGCTIATAAGCG)i and the 24-bp oligonucleotide
d(CATGCCAGCATGCATGCATGCATG) and its complement used in this study were chosen to promote selective binding by a metal complex at a particular base pair
step within the duplex structure. The metal complex
Rh(phi)i bpy 3 +(phi= 9, 10-phenanthrenequinonediimine;
bpy=2,2'-bipyridyl) binds avidly to DNA by intercalation and upon irradiation promotes efficient DNA strand
scission (20). Rh(phen)2Phi 3 + has been shown to bind
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characteristic of a clean graphite surface. In addition,
images of the 12-bp duplex in the presence of
Rh(phi)ibpy 3 + exhibit new features that correspond well
to the known metal binding site on the duplex.
This work shows that it is also possible to probe
transition metal complexes bound to DNA using STM.
Transition metal complexes bound specifically to biological molecules could thus serve as labels or markers in
STM structural studies. Perhaps of greater importance
in the short term is that the metal complexes bound to
duplexes or other biological macromolecules can be used
to probe the factors that affect electron tunneling (and
hence image contrast) in these systems since the charge
and electronic states of the metal complexes can be varied. Such studies are critical at this time to assess
whether STM can be developed into a useful technique
for characterizing the biological macromolecules.

The images of the 12-bp duplexes complexed with
Rh(phi)i(bpy) 3 + also resolve the two nucleotide strands,
and in addition exhibit a new topographical feature
centered at 1.4 ± 0.2 nm from the end of the duplexes
(Figs. lB). The length and width of the metal intercalated duplexes determined from several images were
3.9 ± 0.2 and 2 .3 ± 0.2 nm, respectively, are in agreement with that expected for the 12-bp duplex . The average position of this raised feature agrees well with the
favored metal binding site determined from photoactivated cleavage of the oligonucleotide, and thus we propose that this feature corresponds to a direct visualization of the bound metal complex. This new feature has
not been observed in images of the metal-free duplexes
and thus these data further suggest that our images correspond to molecular species and not artifacts of the
graphite surface. The uncertainty in the distance of the
metal feature from the duplex end may reflect variations
in oligonucleotide length due to variable hydration (2, 3,
5, 14-17) or metal binding to a distribution of base pair
sites. Molecular models illustrating the expected metal
binding site on the duplex are shown in Figure IC, D.
We have further explored the generality of these results by imaging 24-bp oligonucleotides on graphite
using STM. An image of 24-bp duplexes deposited onto
graphite from a 0.4 mM solution are shown in Figure
2A . To date, the resolution observed in images of the
24-bp oligonucleotides has been somewhat lower than
that observed for the isolated 12-bp duplexes (Fig. 1).
A right-handed helical structure is apparent, however , in
the image of these 24 bp oligonucleotides. We believe
that the lower resolution may be due to greater dehydra tion of these duplexes in comparison to the 12-bp system. Consistent with this proposed dehydration we find
that the oligonucleotide lengths determined for the 24 bp
system, ""' 7 .0 nm , are shorter than predicted for Bform DNA (8 nm) . Nevertheless, it is clear from these
studies of the 24-bp duplexes that the lengths of the 24
and 12-bp oligonucleotides do vary systematically in our
experimental images (Fig . 2B, C), and thus it is almost
certain that the features in our images correspond to
DNA .
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Reviewer IV: It is apparent that Fig . 2C is a post-acquisition zoom of a region of Fig. IA, as is Fig . 2B of
Fig . 2A. This raises a question of statistics and the
number of images obtained. The authors could easily
dispel these suspicions by showing a histogram of the
lengths of all the molecules seen for the various
oligonucleotides deposited, as well as the lengths of
similar features seen in an equal number of blank
experiments.
[Two different types of "blank"
experiments should be done: (1) HOPG, no deposition
of any kind, and (2) HOPG, same concentration of
buffer deposited and withdrawn the same way.] If such
a group of histograms were significantly different from
each other and the blanks, and corresponded to the DNA
length, then the argument would be far more convincing
than it is now . It would also give some indication as to
the statistics of the number of images involved.
Authors: As discussed in the text, features attributed to
the oligonucleotides were not observed in several distinct
blank experiments; these include: (1) imaging graphite
for comparable lengths of time without and with only the
buffer solution deposited on the surface, and (2) imaging
calf-thymus DNA on graphite over a six month period.
These negative results further support our conclusion
that the features in Figures 1 and 2 correspond to the 12
and 24-bp oligonucleotides.

Discussion with Reviewers
Reviewer IV: This manuscript makes the remarkable
claim that uncanted DNA oligonucleotides have been
imaged by STM with resolution on the order of ~ 5 A,
both for metal-free and metal-bound complexes. Although several workers have made similar claims for
larger DNA molecules on HOPG, none have done so
convincingly. This study is among the more convincing
to date, but there is still doubt in my opinion due to the
somewhat subjective choice of the ends of the "molecules." The aspect of this work which presumably
makes it convincing is the correspondence of the image
feature dimensions with the dimensions of the molecules
deposited. However, when the choice of the ends of the
features is so subjective as to allow for enough variation
to encompass the desired molecular dimensions, then the
argument becomes less convincing.
Authors: The statistical error in the measurement of the
oligonucleotide length (given by the standard deviation
in the text) is on the order of 0.1-0.2 nm and is thus
much smaller than the length differences observed for
the 12 and 24 base pair oligonucleotides. Hence, the
correspondence of feature dimensions in the images to
the size of the deposited oligonucleotide strongly supports our claim that these features do indeed represent
the DNA.
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